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ABSTRACT
We present the results of an XMM-Newton observation of the radio-quiet X{
ray pulsar 1E 1207{5209 located at the center of the shell-like supernova remnant
G 296.5+10.0 . The X{ray spectrum is characterized by the presence of two
phase-dependent absorption lines at energies 0.7 keV and 1.4 keV. Moreover,
these broad spectral features have signicant substructure, suggesting that they
are due to the blending of several narrower lines. We interpret such features as
evidence for an atmosphere containing metals and a magnetic eld value of a
few 1012 G, consistent with the observed spin-down rate _P=(1.980.83)10−14
s s−1. Since 1E 1207{5209 is the only X{ray emitting pulsar showing evidence
of such features, we tentatively link them to the unique combination of age and
energetics that characterize this object. We suggest that a young age and a
low level of magnetospheric activity are favorable conditions for the detection of
atomic spectral features from metals in neutron star atmospheres, which would be
either blanketed by a thin layer of accreted hydrogen in older objects or masked
by non-thermal processes in young energetic pulsars.
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1. Introduction
The thermal emission from the surface of a neutron star traces the star’s cooling history.
Its study can thus provide invaluable information on the poorly known equation of state
of matter at super-nuclear densities and on physical processes in strong magnetic elds.
Satellite observations carried out in the last decade have clearly shown the thermal origin of
the soft X{ray emission (0.1-3 keV) from a handful of middle-aged radio pulsars (Becker
& Tru¨mper 1997) as well as from several radio-quiet neutron stars (Caraveo, Bignami &
Tru¨mper 1996; Treves et al. 2000).
It is expected that the presence of an atmosphere on the neutron star surface distort the
emerging radiation by altering the blackbody energy distribution and introducing absorption
features (see, e.g., Zavlin & Pavlov 2002 for a recent review). Fits with atmospheric models
generally yield emitting regions compatible with standard neutron star dimensions, thus
providing indirect evidence for the presence of an atmosphere. However, until recently no
convincing evidence for the absorption features predicted by these models was found, thus
leaving substantial uncertainty on the atmospheric composition and magnetic eld.
Here we report on an XMM-Newton observation of the radio-quiet neutron star 1E 1207{
5209 . Previous X{ray, optical and radio observations (Bignami et al. 1992, Mereghetti et al.
1996, Vasisht et al. 1997) strongly suggested a neutron star nature for this source, located
close to the geometrical center of the shell-like supernova remnant G 296.5+10.0 (Roger et
al. 1988). This was conrmed by the discovery of fast X{ray pulsations with period P=0.424
s (Zavlin et al. 2000). A subsequent measurement (at the < 2 level) of a positive period
derivative _P = (2.0+1.1−1.3)  10−14 s s−1 (Pavlov et al. 2002a) results in a large discrepancy
between the pulsar’s characteristic age c  P2P˙ = 200− 900 kyrs and the age of 7 kyrs (with
a factor 3 uncertainty) estimated for the associated SNR (Roger et al. 1988).
Our XMM-Newton data show the presence of broad absorption features at 0.7 and
1.4 keV in the spectrum of 1E 1207{5209 . Such features have been independently dis-
covered in data from the Chandra satellite (Sanwal et al. 2002). The high throughput of
the XMM-Newton telescope, coupled to the good spectral and timing resolution of the Eu-
ropean Photon Imaging Camera (EPIC) instrument, allow us to show that the lines have a
signicant substructure, which varies with the phase of the pulsar.
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2. Data Analysis and Results
The XMM-Newton observation of 1E 1207{5209 started on December 23, 2001 at 19:13
UT and lasted 28.4 ks. We concentrate here on data obtained with the EPIC instrument,
which consists of two MOS CCD detectors (Turner et al. 2001) and a PN CCD instrument
(Stru¨der et al. 2001), for a total collecting area & 2500 cm2 at 1.5 keV.
The PN camera was operated in Small Window mode in order to have a time resolution
(6 ms) adequate to study the pulsations without sacricing the imaging, while both MOS
CCDs were in the Full Frame mode (2.6 s resolution). All the detectors used the Medium
thickness lter. All the data were processed with the XMM-Newton Science Analysis Soft-
ware (SAS Version 5.3). After screening to remove time intervals of high proton background
which aected the MOS data, and correcting for the dead time, we obtained net exposure
times of 18.7 ks, 22.3 ks and 24.8 ks in the PN, MOS1 and MOS2 respectively.
1E 1207{5209 was clearly detected at a position consistent with previous measurements
(Mereghetti et al. 1996), with net count rates (0.3{3 keV) of 1.3520.008 counts s−1 and
0.3620.004 counts s−1, respectively in the PN and in each MOS.
A circular extraction region with radius 4000 was used for the timing and spectral analysis
of the PN data. The background shows a slight intensity gradient across the chip. We veried
that using background regions at dierent positions did not aect signicantly the best t
parameters (the source count rate is 30 times greater than that of the background in the
0.3{3 keV range). We therefore nally used for the background spectral extraction a box of
dimensions 40  20 located to the north of the source.
For both MOS cameras we used a circular source extraction region (radius 4000) and
the background spectrum was estimated from a concentric annulus with radii 7500 and 20000.
This region is entirely contained in the central chip and is not aected by contamination
from the internal Si-K fluorescence, largely present near the CCD edges.
2.1. Timing Analysis
For the timing analysis we used only the PN counts with pattern 0-4 and with energy
in the range 0.2-2.5 keV. The times of arrival were converted to the Solar System Barycenter
and folded, with 8 phase bins, in a range of trial periods around the expected value. This
gave a signicant detection of the pulsation with a maximum 2=110 at P=424.131 ms. To
determine more accurately the period value we tted the 2 versus trial period curve with
the appropriate sinc2 function, and computed the error on P using the relation between
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maximum 2 and uncertainty derived by Leahy (1987). This resulted in our best estimate
of P = 424.130840.00046 ms. For an independent assessment of the period uncertainty, we
generated articial data sets with the same properties (duration, number of counts, pulsed
fraction, etc...) of our observation and analyzed them in the same way. The dierence
between the derived and the true period was found to have a Gaussian distribution with
 = 5 10−7 s, thus conrming the above estimate of the period uncertainty.
The folded light curve is nearly sinusoidal, with a 8% pulsed fraction. A comparison of
the light curves at dierent energies (Fig. 1) does not show signicant shape variations. In
particular, we do not conrm the phase shift of 0.4{0.5 reported by Pavlov et al. (2002a)
between the proles in the 0.3{1 keV and 1{1.7 keV energy bands. Comparison between the
XMM-Newton period and that measured in January 2000 with Chandra (as reported in the
re-analysis of Pavlov et al. 2002a) yields a period derivative _P=(1.980.83)10−14 s s−1.
2.2. Spectral Analysis
All spectral modeling was done with XSPEC V11 and using the most recent EPIC
response matrices 1. For the PN analysis we used both single and double events in the 0.3{3
keV energy range (we checked a posteriori that the results do not change by using only single
events). The spectra were binned to have at least 40 counts per channel and to over-sample
by a factor 3 the instrumental energy resolution.
As found by Sanwal et al. (2002), ts with single-component models (power law, thermal
bremsstrahlung, blackbody) gave unacceptable results (2/dof > 4.4, dof=81) due to the
presence of broad absorption features at 0.7 and 1.4 keV. For completeness, we also tried
the atmospheric models available in the XSPEC spectral tting package, although they refer
to weakly magnetized neutron stars (B < 109 − 1010 G) and might not be appropriate in
the case of 1E 1207{5209 , where the pulsations and the measured _P testify the presence of
a higher magnetic eld (B 3  1012 G). Hydrogen-atmosphere models (Zavlin, Pavlov &
Shibanov 1996), which do not predict lines in the observed energy range, gave residuals very
similar to those of the blackbody model, but, as expected, a lower temperature (kT0.09
keV, as measured by an observer at innity) and a larger emitting region. Models implying
atmospheres with solar abundance or iron composition (Ga¨nsicke, Braje & Romani 2002)
gave unacceptable ts: the absorption lines they predict are too narrow to reproduce the
features visible in the EPIC spectra.
1PN version 6.1 epn sw20 sdY9 medium, epn sw20 sY9 medium; MOS m1 med v9q20t5r6 all 15.rsp,
m2 med v9q20t5r6 all 15.rsp
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Acceptable ts could only be obtained by adding to the models two absorption lines,
which for simplicity we modeled with Gaussian proles. As shown in Table 1, the line
parameters are only slightly dependent on the model adopted for the continuum. The single
blackbody yields a lower interstellar absorption, while the other models give higher values,
closer to the estimates obtained from radio observations (Giacani et al. 2000). Although
the blackbody plus power-law gives formally the best t (see Fig. 2), we believe that this
simply reflects the shortcomings of other models alone to reproduce the low energy part of
this complex atmospheric spectrum, rather than being evidence for a distinct non-thermal
component.
The t residuals (lowest panel of Fig. 2) show that the broad lines have a prole
characterized by the presence of signicant sub-structure. Deviations from a smooth gaussian
prole are seen at 0.6 keV, 0.75 keV and 0.85 keV. Although the exact signicance of
such features is dicult to quantify, this may imply that the broad absorption below 1 keV
is produced by blending of several narrower lines.
Another interesting feature is shown by the residuals near 2 keV. This was also noticed
in the Chandra spectrum by Sanwal et al. (2002), who could not exclude an instrumental
eect. The fact that the same line is possibly present in the XMM-Newton data, even if at
low signicance, indicates that it might be really present in the source.
We performed a similar spectral analysis based on the data from the two MOS cameras.
This led to results entirely consistent with the ones discussed above, but with larger uncer-
tainties caused by the lower counting rate. All the strongest spectral features were clearly
visible in both CCDs.
2.3. Phase-resolved spectroscopy
To search for possible phase-dependent spectral variations, we divided the PN data
in four sets corresponding to the phase intervals indicated by the vertical lines in Fig. 1.
The resulting spectra were tted with blackbody models, keeping the absorption xed at
the best t value of the average spectrum (NH=31020 cm−2). While similar temperatures
were obtained in the four phase intervals, the t residuals (Fig. 3) clearly indicate that the
absorption features are phase-dependent. In particular the line at 1.4 keV is virtually
absent at the pulse peak and is more pronounced during the minimum and the rising parts
of the pulse prole (see Table 2). Shape variations are also visible for the lower energy
feature, which shows a variable sub-structure, suggesting that several narrow lines contribute
dierently at the various phases.
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3. Discussion
The XMM-Newton observation conrms the presence of spectral features in the spec-
trum of 1E 1207{5209 , as recently reported by Sanwal et al. (2002), and allows us to study
them in more detail. In particular, both the PN and the two MOS spectra indicate that the
feature at 0.7 keV cannot be well described by a single gaussian line due to the presence
of signicant substructure. The PN spectra show phase-dependent variations, particularly
pronounced for what concerns the intensity and width of the line at 1.4 keV. The presence
of phase-dependent variations, leads to the obvious, but important conclusion that the lines
are linked to the rotating neutron star and not due to absorption in the line of sight.
According to Sanwal et al., an interpretation of these spectral features in terms of
cyclotron resonance lines is dicult, considering the magnetic eld inferred from the _P
measurement, B31012 G, and the relative intensity of the two lines. This view has been
criticized by Xu et al. (2002), who considered the possibility that 1E 1207{5209 be a bare
strange star, spinning down in the propeller regime due to the presence of a fossil disk.
Considering the conventional scenario of an isolated neutron star, a more likely pos-
sibility, also suggested by the structured and phase-dependent proles seen with EPIC, is
that these features result from atomic transitions. Pavlov et al. (2002b) interpret them
as HeII lines in a strong magnetic eld (B(1.4{1.7)1014 G), and derive for the neutron
star a radius to mass ratio of (8.8{14.2) km M−1 . However, such a magnetic eld is much
higher than the value (30.6)1012 G estimated, assuming magnetic dipole braking, from
the spin-down value (now conrmed by the XMM-Newton data). This implies either that
the observed _P is aected by glitches and/or signicant timing noise (and the true spin-down
is of the order of _P 6 10−11 s s−1) or that eld components stronger than the dipole are
present on (some region of) the neutron star surface (e.g. due to an o-centered dipole).
Alternatively, the lines can be due to heavier elements in a more conventional magnetic
eld. For example, models of magnetized (B > 1012 G) iron atmospheres (Rajagopal, Romani
& Miller 1997) predict, for temperatures  106 K, many absorption lines due to atomic
transitions in the range above 0.3 keV. Owing to the magnetic eld and temperature variation
across the neutron star surface, these lines will probably be blurred. Indeed, the results of
our phase-resolved spectroscopy show that dierent physical conditions, most likely due to
changing magnetic eld congurations, are present on the neutron star regions responsible for
the emission visible at dierent phases. As a consequence, the physical parameters inferred
from the t to phase-averaged spectra should be taken with some caution. It is also likely
that the presence of several atomic absorption lines and edges aect the the parameters of
the continuum as derived from medium resolution spectra.
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1E 1207{5209 is the only neutron star in which signicant X{ray absorption features
have been detected so far (excluding of course the bright neutron stars accreting in binary
systems). Observations with high statistics and good spectral resolution have been recently
carried out for several thermally emitting neutron stars of various classes: the middle aged
radio pulsar PSR B0656+14 has a spectrum well described by two blackbody components,
without spectral lines in the 0.15{0.8 keV range (Marshall & Schultz 2002). No lines were
found in the 8.4 s radio-quiet pulsar RX J0720.4{3125 (Paerels et al. 2001) and in the nearby
isolated neutron star RX J1856.5{3754. The latter was observed for more than 500 ks with
Chandra and its spectrum was found to be well described by a blackbody function with
temperature kTBB=61 eV without evidence for any of the spectral lines or edges predicted
by the models (Drake et al. 2002). No lines have been detected in the spectra of the Vela
pulsar (Pavlov et al. 2001) and of the millisecond pulsar PSR J0437{4715 (Zavlin et al.
2002), which are comparable in quality and statistics to the data presented here. Why
is 1E 1207{5209 dierent from the other cooling neutron stars which have been deeply
scrutinized for the presence of lines with negative results?
Before trying to answer this question, we must address the problem of the age of
1E 1207{5209 . In this respect, its association with G 296.5+10.0 is crucial. This SNR
has a remarkable bilateral symmetry. The two radio arcs that compose the shell have dif-
ferent curvatures, indicating a larger expansion velocity for the ejecta on the western side.
The likely site of the supernova explosion is thus relatively well determined to lie to the east
of the geometric center, within 80 from the position of the pulsar. The spatial coincidence
between the pulsar and the SNR is remarkable, also in view of the relatively small number
of such objects at this galactic latitude (b=10). Furthermore, HI observations of this region
(Giacani et al. 2000) indicate a spatial correlation between the two objects also for what
concerns their distance. Thus we can consider this as one of the strongest neutron star/SNR
association. An age of 7 kyrs has been derived for G 296.5+10.0 (Roger et al. 1988), very
dierent from the pulsar characteristic age c = (340  140) kyrs. Although the SNR age
estimate depends on several uncertain parameters, like its linear size, initial kinetic energy
(E51  1051 ergs) and the density of the interstellar medium (n cm−3), it is very unlikely
that G 296.5+10.0 is older than a few 104 years. For example, even taking the maximum
distance of 4 kpc compatible with the HI observations (Giacani et al. 2000) an age of > 100
kyrs can be obtained only for (n=E51)
> 1. This would require a very small initial kinetic
energy, since at this distance the SNR would be 700 pc above the galactic plane, where the
interstellar density is expected to be very small. In conclusion, we believe that a distance of
 2 kpc and an age of the order of  104 years are more likely values.
Although we cannot rule out other possibilities (e.g. one or more glitches in the last
two years, signicant timing noise, or a faint binary companion), the simplest explanation
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to reconcile c with a young age is that 1E 1207{5209 was born spinning at a period close
to its current value.
Thus 1E 1207{5209 appears as a unique example of a young pulsar with a small ro-
tational energy loss. Its rotational energy loss _Erot 1034 erg s−1, is the smallest one of
all the radio/X{ray pulsars with reliable SNR’s associations (Kaspi & Helfand 2002). Such
"Crab-like" or "Vela-like" pulsars have typically _Erot > 10
36 erg s−1 and X{ray luminosity
in the range 1032-1037 erg s−1 (see, e.g., Possenti et al. 2002). Indeed, no plerion has been
detected either in radio or X{rays, nor any hint has been found of high-energy γ-ray emis-
sion from our object. On this ground, the comparison with the similar age Vela pulsar is
striking: beside being active as a radio pulsar, Vela is also the brightest source in the sky
at E>100 MeV, and is powering a bright radio/X{ray synchrotron nebula. If the lines are
the signature of the presence of metals in the atmosphere, their absence in the older objects
mentioned above can be explained by a small layer of hydrogen accreted, even at a modest
rate from the interstellar medium over a time span of a few hundred kyrs. The absence of
lines (or the diculty to detect them) in young but energetic pulsars like Vela could be due
to the perturbing eects of the non-thermal particles accelerated in the magnetosphere.
4. Conclusions
The XMM-Newton observations reported here show unambiguously that the absorption
features also seen with Chandra (Sanwal et al. 2002) in the X{ray spectrum of 1E 1207{
5209 are phase-dependent. Moreover, the lines have signicant structures, supporting an
interpretation in terms of atomic transitions in regions with dierent temperature and mag-
netic eld on the neutron star surface. A detailed analysis of phase-resolved spectra with
higher statistical quality will undoubtedly provide important information on the surface
composition and other important neutron star parameters.
The period value reported here is identical, within the uncertainties, to that obtained
two weeks later (Pavlov et al. 2002a), but our smaller error reduces the uncertainty on the
pulsar spin-down rate _P=(1.980.83)10−14 s s−1. Since the association with the relatively
young SNR remnant is reasonably certain, we consider the high characteristic age of 1E 1207{
5209 as evidence that this pulsar was born with a long period.
We suggest that the combination of a young age and a low level of magnetospheric
activity are favorable conditions for the detection of atomic spectral features from metals
in neutron star atmospheres, which would be either blanketed by a thin layer of accreted
hydrogen in older objects or masked by non-thermal processes in young energetic pulsars.
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If this scenario is correct, the most promising candidates for line detection are the central
X{ray sources in young supernova remnants which do not show synchrotron nebulae, like
Cas A, Puppis A, and G 266.1{1.2.
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Table 1: Results of PN ts including absorption lines
Blackbody Blackbody + Power law H atmosphere
+ 2 Gaussians + 2 Gaussians + 2 Gaussians
NH (10





kT (keV) 0.2440.005 0.2190.008 0.0960.005
R
(a)




E1 (keV) 0.740.02 0.73+0.2−0.6 0.71+0.02−0.04








E2 (keV) 1.360.03 1.360.02 1.370.02



















−1) 1.151033 1.171033 1.81033
2/dof 1.54 1.10 1.16
dof 75 73 75
a Radius at innity for an assumed distance of 2 kpc.
b Observed flux.
c Observed flux of the power law component only, 0.3-3 keV.
d Bolometric luminosity (excluding the power law component) for d=2 kpc.
All the errors are at the 90% c.l. for a single interesting parameter
{ 12 {
Table 2: Results phase resolved spectroscopy
A B C D
0.8{1. 0{0.25 0.25{0.55 0.55-0.8
NH (10
20 cm−2) xed 3.0 3.0 3.0 3.0
kT (keV) 0.2410.004 0.2500.004 0.2450.004 0.2420.004
R
(a)
BB (km) 1.8 1.7 1.6 1.7
E1 (keV) 0.780.04 0.760.04 0.740.02 0.710.02
1 (keV) 0.120.02 0.160.04 0.130.02 0.080.02
r
(b)
1 0.290.08 0.280.08 0.350.07 0.370.11
E2 (keV) 1.360.04 1.370.03 1.370.02 1.350.02
2 (keV) 0.16
+0.09
−0.04 0.180.04 0.090.02 0.060.02
r2 0.190.09 0.300.08 0.520.13 0.560.16
2/dof 1.39 1.00 1.48 1.31
dof 63 68 69 67
a Radius at innity for an assumed distance of 2 kpc.
b Relative line depth = 1. { F (Eline) / FC (Eline), where F is the total flux and FC is the
flux of the continuum only
All the errors are at the 90% condence level for a single interesting parameter
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Fig. 1.| EPIC PN light curve of 1E 1207{5209 for three dierent energy ranges. The
vertical lines in the top panel indicate the intervals used for the phase-resolved spectroscopy.
Fig. 2.| Fit of the PN data with a blackbody plus power law and two gaussian lines. In the
upper panel the data are compared to the model folded through the instrumental response.
The middle panel shows the residuals in units of sigma. The lower panels shows the residuals
obtained by removing the lines from the model.
Fig. 3.| Phase resolved spectroscopy. The four panels show the residuals of blackbody ts
with NH xed at 31020 cm−2 for the phase intervals labeled on Fig. 1.
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